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ABSTRACT
We present a near-infrared direct imaging search for accretion signatures of possible protoplanets
around the young stellar object (YSO) TW Hya, a multi-ring disk exhibiting evidence of planet
formation. The Paβ line (1.282 µm) is an indication of accretion onto a protoplanet, and its intensity
is much higher than that of blackbody radiation from the protoplanet. We focused on the Paβ
line and performed Keck/OSIRIS spectroscopic observations. Although spectral differential imaging
(SDI) reduction detected no accretion signatures, the results of the present study allowed us to set 5σ
detection limits for Paβ emission of 5.8×10−18 and 1.5×10−18 erg/s/cm2 at 0.′′4 and 1.′′6, respectively.
We considered the mass of potential planets using theoretical simulations of circumplanetary disks
and hydrogen emission. The resulting masses were 1.45 ± 0.04 MJ and 2.29
+0.03
−0.04 MJ at 25 and 95
AU, respectively, which agree with the detection limits obtained from previous broadband imaging.
The detection limits should allow the identification of protoplanets as small as ∼1 MJ, which may
assist in direct imaging searches around faint YSOs for which extreme adaptive optics instruments
are unavailable.
1. INTRODUCTION
Young stellar objects (YSOs) often have protoplane-
tary disks in which planets are formed. If a protoplanet
exists, it should be apparent by the effect it has on
the disk. YSOs with protoplanetary disks have infrared
(IR) excesses in their spectral energy distribution (SED).
Some show far-infrared (FIR) excesses but little excess
in the mid-infrared (MIR) region. Objects with such
characteristic SEDs are called “transitional disks”, and
may suggest inner gaps in the disk and ongoing planet
formation (Marsh & Mahoney 1992, 1993). Protoplane-
tary disks with intriguing features, such as spiral arms,
multiple rings, and large gaps, have been discovered
based on IR and millimeter/sub-millimeter wavelength
studies (e.g. Andrews et al. 2011; Hashimoto et al.
2011, 2012; Mayama et al. 2012; Muto et al. 2012;
ALMA Partnership et al. 2015). Theoretical calcula-
tions can estimate the characteristics of potential proto-
planets based on the derived parameters for these disks
(Dong et al. 2015). Adaptive optics (AO) based obser-
vations have detected substellar-mass companion can-
didates (e.g., HD 169142 and LkCa 15; Reggiani et al.
2014; Sallum et al. 2015) within gaps in protoplanetary
disks. Compared to the number of gapped or asymmet-
ric disk discoveries, however, few companion candidates
have been detected around YSOs, which may be due to
the contrast being too low to detect faint objects at small
separations. The typical detection limits for previous
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YSO surveys are given in Uyama et al. (2017).
Extreme AO (ExAO) observations such as
VLT/SPHERE (Beuzit et al. 2006), Gemini/GPI
(Macintosh et al. 2006), and Subaru/SCExAO
(Guyon et al. 2010) enable us to overcome the dif-
ficulty due to low contrast. However, these instruments
are limited to observations of brighter target (R ≤11–12
mag) YSOs.
Here, we focus on the use of classical AO techniques
to detect accretion signatures of protoplanets based on
their hydrogen emission spectra. In the process of planet
formation, accretion shocks excite the surrounding hy-
drogen. When the excited hydrogen returns to lower
energy state, emission lines such as Hα are produced
(Calvet & Gullbring 1998). The intensity of hydrogen
emission lines is much higher than that of blackbody
radiation from the protoplanet (e.g. Bowler et al. 2014;
Zhou et al. 2014). For an isolated stellar-mass object
case, hydrogen emission is produced in shock-heated gas
from the circumstellar disk to the stellar surface, whereas
gas accretion onto a planetary-mass companion leads
to another strong shock structure associated with flow
from the circumstellar disk to the circumplanetary disk
(e.g. Tanigawa et al. 2012). Considering this circumplan-
etary mechanism, the luminosity associated with hydro-
gen emission in the circumplanetary disk can be esti-
mated as a function of the planetary mass and the gas
density in the circumstellar disk (Aoyama et al. 2017).
In order to explore potential line emission from ac-
creting protoplanets, we first observed TW Hya, one of
the nearest YSOs. The stellar parameters for this YSO
are listed in Table 1. The SED for TW Hya indicates
a transitional disk with active accretion (Calvet et al.
2002; Goto et al. 2012; Menu et al. 2014). Various obser-
vations have led to the conclusion that its disk contains
multiple gaps and that the most likely locations for ongo-
ing planet formation are at 0.′′4 and 1.′′6, where the disk’s
surface and midplane have dents (Debes et al. 2013;
Menu et al. 2014; Akiyama et al. 2015; Tsukagoshi et al.
2Table 1
Stellar Parameters for TW Hya
parameters Value Ref.
Sp type M2 a
Mass [M⊙] 0.55±0.15 a
Age [Myr] 7–10 b
Distance [pc] 59±1 c
Av 0.0 d
R mag 10.4 e
J mag 8.22 f
J-band flux [erg/s/cm2/µm] 1.60×10−9 f
Note. — a: Debes et al. (2013), b: Akiyama et al. (2015),
c: Gaia Collaboration et al. (2016), d: Herczeg et al. (2004), e:
UCAC4 catalogue (Zacharias et al. 2012) f: 2MASS catalogue
(Cutri et al. 2003)
2016; van Boekel et al. 2016). There have been no re-
ports of companion candidates (e.g. van Boekel et al.
2016).
Section 2 describes the observations and results. In
Section 3, we set detection limits for low-mass objects.
This work mainly focuses on accretion signatures based
on the emission line intensity. Conventionally, emis-
sion line intensity is converted into accretion luminosity.
However, if there is only one observable, there is a degen-
eracy between mass and mass accretion rate. Therefore,
we present an additional method for interpreting the ob-
tained data and evaluating the mass of protoplanets. Fi-
nally, we summarize the results of this study in Section
4.
2. OBSERVATIONS AND RESULTS
2.1. Keck/OSIRIS
We performed Keck/OSIRIS observations in the Jn2-
band (1.228–1.289 µm) with a 0.′′035 plate scale, which
corresponds to a 1.47′′× 2.24′′ field of view (FOV) and
a spectral resolution of R ∼3800. Paβ (1.282 µm)
and Brγ (2.166 µm) lines are available for OSIRIS.
The AO performance at Brγ is better than that at
Paβ (van Dam et al. 2004), while expected line inten-
sity of Brγ is much smaller than that of Paβ. We
compared the feasibility of detecting these lines with
OSIRIS and finally selected more favorable case of the
Paβ line to search for accretion signatures. We set four
FOVs around the central star to provide sufficient expo-
sure time to avoid saturation of the stellar point-spread
function (PSF), to perform a deep imaging survey. A
schematic of the observation region is shown in Figure 1.
We separated the FOVs 0.25′′ from the central star and
explored the disk from ∼20 AU to ∼100 AU.
The observation was conducted on 2016 April 27. The
exposure time for each FOV was 15 minutes × 3 and
the total observation time was 180 minutes. We also
observed unsaturated frames of the central star for tel-
luric correction, photometric standard, and PSF refer-
ence. We note that the OSIRIS enables to use the un-
saturated frames as calibration reference regardless of its
variability. Details are described in the following para-
graph.
After the first reduction using the OSIRIS pipeline,
which corrects dark, flat, distortion, wavelengths solu-
tion, and cosmic rays, we removed telluric contributions
from the data cube. In the telluric correction process
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Figure 1. FOV arrangement for observations. Each rectangle
represents a separate FOV. The red circle indicates the central star.
The vertical and horizontal axes represent the angular distance
from the central star. These settings avoid the central star together
with an inner square of 0.5′′×0.5′′, which allows sufficient exposure
time without saturation.
the pipeline usually removes hydrogen, which means Paβ
in our data cube is not affected by telluric correction.
To achieve high contrast, we used a spectral differential
imaging technique (SDI; Smith 1987). We selected seven
channels around the Paβ wavelength as a science chan-
nel with a width of 1.05 nm and other 24 channels be-
tween 1.278 and 1.285 µm as continuum (reference) chan-
nels. We avoided the OH airglow region (Maihara et al.
1993) when selecting reference channels. The airglow sky
lines remain in the data cube because they are used for
wavelength references in the pipeline. We made reference
PSFs for each FOV using linear combinations of the refer-
ence frames based on equations (2)–(4) in Artigau et al.
(2008) to determine the coefficients of the reference im-
ages. In this process, we divided the FOV into 12 annu-
lar regions in a similar manner to the locally optimized
combination of images (LOCI) method (Lafrenie`re et al.
2007).
Following SDI data reduction, no point sources were
detected in any of the FOVs. Figure 2 shows the Paβ
image that was produced by combining the seven chan-
nels of the science frames, and Figure 3 shows the final
SDI-reduced image for the first FOV. In the Paβ image,
because of low AO performance, a stellar halo is evident
near the central star where there is expected to be rem-
nants of subtraction in the SDI-reduced image due to
Poisson noise. We then normalized all of the images by
dividing by their integration time, and convolved them
with an aperture with a radius equal to half the FWHM
of the central star. The FWHM was measured in the
unsaturated frames to be ∼60 mas. We calculated the
standard deviation for each FOV and produced a radial
noise profile. We masked badpixels in this process and
they do not affect on calculating the noise. The typical
3Figure 2. Paβ image of the first FOV. The image is aligned with
that in Figure 1. The black square near the upper-right vertex is
a badpixel cluster.
Figure 3. SDI-reduced image of the first FOV. The alignment is
the same as in Figure 2.
noise was compared to photometric results for the central
star. The photomectic reference was made by combining
the same continuum channels as the SDI reduction. We
finally obtained 5σ detection limits for the Paβ flux of
5.8 × 10−18 and 1.5 × 10−18 erg/s/cm2 at 0.′′4 and 1.′′6,
respectively.
2.2. IRSF/SIRIUS
YSOs are variable due to stellar factors such as
starspots, accretion, disks, and envelopes (Herbst et al.
1994; Wolk et al. 2013). While previous catalogues such
as 2MASS (Cutri et al. 2003) contain photometric results
for this YSO in the J-band, it is important to evaluate
the variability of the central star in order to determine
the detection limit for potential protoplanets. We used
the J-band luminosity of TW Hya as a photometric ref-
erence. Investigating the variability helps in setting the
error in the detection limit.
Since its luminosity varies over a period of a few
days (e.g Rucinski et al. 2008; Siwak et al. 2014), we
observed TW Hya with IRSF/SIRIUS, a 1.4-m tele-
scope in South Africa, using the defocus mode, on
January 28 and 30, 2017 to examine its J-band vari-
ability. After dark subtraction and flat fielding we
conducted photometry. We found that the variabil-
ity during the observations was less than 5%, which
agrees with the standard deviation in 2MASS, Tycho,
UCAC 2, and other catalogues (∼7%; Cutri et al. 2003;
Zacharias et al. 2004; Ofek 2008; Tokovinin & Le´pine
2012; Kunder et al. 2017). Since the detection limits are
calculated based on the J-band flux of TW Hya, we de-
fine the error in the detection limit as 5%.
3. DISCUSSION
We investigate the presence of potential protoplanets
within TW Hya’s disk in two different ways. Section 3.1
presents a conventional approach that assumes mass ac-
cretion from circumstellar disk onto the central star and
ignores the inability to distinguish between the mass and
mass accretion rate. Section 3.2 proposes a new method
for interpreting the detection limit by considering cir-
cumplanetary disk mechanisms. We focus on the two
notable gaps at 0.′′4 and 1.′′6. We assume that these loca-
tions represent ∼25 AU and ∼95 AU using the distance
data (59±1 pc) published by Gaia Collaboration et al.
(2016), whereas previous studies have assumed that the
gaps are at∼20 AU and∼80 AU based on data published
by van Leeuwen (2007). We assume that extinction of
the Paβ line by the circumstellar disk is negligible. TW
Hya’s disk is almost face-on (Qi et al. 2004, 2008). The
vertical direction from the jovian-mass protoplanet can
be estimated locally clear for Paβ (Tanigawa et al. 2012;
Aoyama et al. 2017).
3.1. Using the Empirical Relationship
The Paβ luminosity of YSOs has been reported to have
an empirical correlation with the accretion luminosity
(Natta et al. 2004, 2006) for objects down to ∼10 MJ
(e.g. GSC 06214-00210 b and FW Tau b; Bowler et al.
2011, 2014). The relationship is given by
log(
Lacc
L⊙
) = 1.36× log(
LPaβ
L⊙
) + 4, (1)
where Lacc is the accretion luminosity and LPaβ is the
Paβ luminosity. In this discussion, we assume that the
empirical relationship is valid for objects as small as ∼1
MJ.
Since we did not detect any accretion signals, con-
straining the mass of planets requires other assumptions
for the accretion rate and radius. We assume an exces-
sive radius and modest accretion rate because the accre-
tion luminosity (Lacc = GMM˙/R, where R, M , and M˙
are the radius, mass, and accretion rate, respectively) in-
creases in proportion to the accretion rate and in inverse
proportion to the radius. We define an upper limit of
Rp = 10 RJ. Ayliffe & Bate (2009) and Szula´gyi et al.
(2016) suggested with nominal simulations that an ob-
ject with Rp = 10 RJ has a peak temperature of ∼10
4 K,
which causes spectral emission from hydrogen. The ac-
cretion rate for TW Hya is 9.0×10−10–4.2×10−9 M⊙/yr
(Dupree et al. 2012). Considering ongoing planet forma-
tion, the accretion rate for protoplanets should be close
to that for the star (Tanigawa & Tanaka 2016). We de-
fine a lower limit of M˙p = 10
−11 M⊙/yr, which is smaller
than the theoretical accretion rate of M˙p ≃ 10
−10 M⊙/yr
for aMp∼1 MJ object (Lissauer et al. 2009). With these
assumptions and the stellar parameters in Table 1, the
calculation results give 5σ detection limits of 1.1× 10−2
and 1.7 × 10−3 MJ at each gap. We do not think that
these values can really constrain the mass of the proto-
planets. The detection limits are calculated by extrapo-
lation of Equation (1) and thus less than the lower limit
of the relationship in Natta et al. (2004). These values
4correspond to Earth-mass object, which should be qual-
itatively too low mass to accrete hydrogen and to emit
Paβ. Therefore, the mass of possible protoplanets are
not actually constrained if we use Equation (1) with only
Paβ detection limits.
3.2. Based on a Recent Theoretical Study
A recent study of one-dimensional shock dynamics
with detailed radiative transfer, including line emissions
and chemical reactions, has yielded values for the Paβ
flux and, as a result of integrating the flux over a circum-
planetary disk. Assuming the circumstellar disk struc-
ture, total Paβ luminosity from the circumplanetary disk
can also be estimated (Aoyama et al. 2017).
Assuming a sufficiently strong shock, the gas velocity,
density, and composition govern post-shock characteris-
tics such as the energy of hydrogen emission lines (e.g.
Landau & Lifshitz 1959). Gas accretion in a circumstel-
lar disk is governed by viscous dissipation with turbu-
lence (e.g. Alexander & Armitage 2006). On the other
hand, gas transfer from the gravity field of a star to that
of a planet is driven by shock (Tanigawa & Watanabe
2002). Hydrodynamic simulations show that a pro-
toplanet actively grows by capturing the circumstel-
lar disk gas (e.g. D’Angelo et al. 2003; Ayliffe & Bate
2009). The accreting gas moving toward the planet
forms shock surfaces at the top of the circumplanetary
disk (Tanigawa et al. 2012; Szula´gyi et al. 2014). In the
thin layer of the post-shock region, the temperature of
the gas can be very high (> 104 K), which gives rise
to hydrogen emission lines due to electron transitions
(Szula´gyi & Mordasini 2017). We can convert the ac-
cretion rate to the number density of the circumstellar
disk with these assumptions and thus the line luminosity
can be written as a function of the planetary mass and
the gas density in the circumstellar disk (Aoyama et al.
2017). By performing this simulation using a disk model
and a formula for TW Hya (Gorti et al. 2011), we can
estimate the luminosity of a possible protoplanet down
to 0.5 MJ. Note that the planetary radius and gas viscos-
ity, which would be important factors to determine the
line luminosity in the traditional models, hardly affect
the luminosity in our shock model. Detailed concepts of
the simulations are explained in Appendix.
We found that the luminosity of the circumplanetary
disk around a 1-MJ planet at 25 AU from the central star
can be as high as 4.1+0.4
−0.6×10
23 erg, which corresponds to
9± 1× 10−19 erg/cm2. Considering the detection limits
(5.8× 10−18erg/cm2 at 25AU, 1.5× 10−18erg/cm2), the
upper limit for the observation is 1.45±0.04MJ at 25 AU
for an actively growing protoplanet, and 2.29+0.03
−0.04 MJ at
95 AU. Although the detection limit for the inner gap is
larger than that for the outer gap, the simulations can
constrain the mass of a potential planet more strictly in
the inner region because the gas density decreases with
increasing radial distance from the central star.
3.3. Comparison with Previous Imaging Studies
The present study was based on a search for signatures
of accretion by protoplanets, whereas previous studies
have explored protoplanets themselves or disk structures
indicative of planet formation. Direct imaging observa-
tions combined with classical AO instruments gave typ-
ical 5σ detection limits of ∼16 MJ and ∼3 MJ at 0.
′′4
and 1.′′6 (Subaru/HiCIAO; Uyama et al. 2017). We also
compared the detection limits of VLT/SPHERE obser-
vation (van Boekel et al. 2016) to evolutionary models of
low-mass objects (e.g. COND03 model, BT-Settl model;
Baraffe et al. 2003; Allard et al. 2011), which suggests
that potential planets are expected to be smaller than
0.5 MJ in each gap. Despite uncertainties due to the as-
sumptions made in the present study, the derived mass
is comparable to that obtained from angular differential
imaging (ADI; Marois et al. 2006) studies. Our observa-
tions show that classical AO instruments combined with
SDI can feasibly set constraints on the mass of potential
planets up to ∼1 MJ around faint YSOs, for which ExAO
instruments cannot be used. Although we assumed zero
extinction from the circumstellar disk in our study, we
note that direct imaging studies have not overcome an
issue of this extinction, which means we allow the uncer-
tainty of the extinction from the circumstellar disk.
Disk observations, using both the Atacama Large
Millimeter/submillimeter Array (ALMA) and polariza-
tion differential imaging (PDI) with AO instruments,
together with simulation results, showed that ongoing
planet formation can carve gaps in the disk. The pre-
dicted mass of a potential planet in the TW Hya gaps
is 0.03–0.5 MJ (e.g. Akiyama et al. 2015; Dong & Fung
2017; Teague et al. 2017). We note that our discussions
assume the circumplanetary disk around an object more
massive than 0.5 MJ and are independent from disk mor-
phology. The simulation results in Section 3.2 are based
on the number density of hydrogen atoms in the disk
determined by radio wavelength observations, and are
independent of the disk morphology.
Our estimated detection limits agree with the results
of previous exoplanet and disk explorations in TW Hya,
which suggests that protoplanets, if any, are so small that
hydrogen emission spectra are not produced.
4. SUMMARY
Previous direct imaging explorations of YSOs have fo-
cused on thermal emission from exoplanets themselves.
We focus on emission signatures of accretion by proto-
planets within the circumstellar disk, which are expected
to be more luminous than blackbody radiation associated
with an exoplanet.
We used Keck/OSIRIS to observe TW Hya, one of the
most well known YSOs, which has a multi-gapped disk,
in order to explore Paβ emissions. Using several FOVs,
we developed an unconventional method for avoiding sat-
uration while still allowing a sufficient exposure time.
Although no signals associated with accretion were iden-
tified, Paβ detection limits of 5.8×10−18 and 1.5×10−18
erg/s/cm2 at 0.′′4 and 1.′′6 were determined, thus provid-
ing the first constraints on the mass of potential pro-
toplanets. We estimated the mass of protoplanets us-
ing both an empirical relationship and a disk simulation,
each based on different assumptions. The first method
is conventional and is based on the empirical relation-
ship between the accretion luminosity and the Paβ flux,
and cannot separately determine the mass and the mass
accretion rate. The simulation assumes an active cir-
cumplanetary disk and thus avoids this problem. Based
on the results, we determined detection limits for pro-
toplanetary mass of 1.45 ± 0.04 MJ and 2.29
+0.03
−0.04 MJ
5for the gaps at 25 and 95 AU, respectively, in the TW
Hya disk. These limits agree with the results of previous
exoplanet explorations, though modeling of disk obser-
vations points to significantly lower upper limits of order
0.1 MJ. The latest ExAO instruments have a magnitude
limit of R ≤12, but many YSOs are fainter than this.
Our results indicate that searching for very young exo-
planets with classical AO instruments can be an option.
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APPENDIX
THEORETICAL SIMULATION OF HYDROGEN EMISSIONS WITHIN THE CIRCUMSTELLAR DISK
Table 2
Adopted Model Parameters of TW Hya
Parameters Value
Pre-shock gas temperature [K] 100
Pre-shock gas density [g/cm3] ρCSD (a)
Planet Radius [RJ] 2
Dust/gas ratio 0.0
Magnetic field [G] 0.0
Metal line optical depth [cm−1] 0.0
Note. — ρCSD is the gas density of circumstellar disk where a is the planet’s semi-major axis
Model parameters for mass constraint are listed in Table 2. We assume that the gas temperature before the shock
surface is 100 K. Before the strong shock, the gas temperature depends on the primary star emission and bow shock,
which hardly makes the gas thermal energy larger than the shock energy of the strong shock (e.g. Tanigawa et al.
2012). However, this parameter hardly affects structures of flow and radiation field after the shock unless it becomes
over thousands of K, because shock energy is at least ∼3×104 K in hydrogen-line-emitting region (Aoyama et al. 2017).
The gas density of pre-shock region is assumed to be as same as that of the circumstellar disk based on the 3D
hydrodynamic simulation of Tanigawa et al. (2012). Planet disturbance on global disk structure, e.g. global gap
structure, is not included.
Hydrogen lines are strongly emitted when the pre-shock velocity v0 & 30 km/s. In a slower case, post-shock hydrogen
cannot be excited enough to emit the strong hydrogen lines. This lower limit of the velocity corresponds to the free fall
velocity on the planet surface of ∼0.5 MJ. The planet radius affects the surface integral of 1D numerical simulation
results especially near the lower limit mass (Aoyama et al. 2017). However, this hardly affect the hydrogen line
luminosity because the outer region in the circumplanetary disk with larger area contributes more to the luminosity
than the planet surface or inner region in the circumplanetary disk with smaller area does.
We also assume dust, magnetic field, and metal line cooling are negligible in hydrogen line emitting region around
protoplanets. Since dust settling to midplane and the gas accreting near the planet come from high altitude of the
circumstellar disk, hydrogen-line-emitting gas flow hardly contains dust. When the pre-shock gas is ionized, the
magnetic field changes the shock structure and lowers the post-shock temperature (e.g. Draine 1980). In post-shock
region, magnetic pressure can affect the post-shock structure (Hollenbach & McKee 1979). When the optical depth
of hydrogen lines becomes thick enough not to cool the gas effectively, the metal line cooling becomes important
(Hollenbach & McKee 1989).
